Abstract: Mangiferin is a natural immunomodulator found in plants including mango trees. The effects of mangiferin on chondrogenesis and cartilage repair have not yet been reported. This study was designed to determine the effect of mangiferin on chondrogenic differentiation in IL-1β-stimulated mesenchymal stem cells (MSCs) from subchondral bone and to explore the mechanisms underlying these effects. MSCs were isolated from the subchondral bone of rabbit and treated with mangiferin alone and/or interleukin-1β (IL-1β). Mangiferin induced chondrogenic differentiation in MSCs by upregulating transforming growth factor (TGF)-β, bone morphogenetic protein (BMP)-2, and BMP-4 and several key markers of chondrogenesis, including sex-determining region Y-box (SRY-box) containing gene 9 (SOX9), type 2α1 collagen (Col2α1), cartilage link protein, and aggrecan. In IL-1β-stimulated MSCs, mangiferin significantly reversed the production of
Introduction
Osteoarthritis (OA) is the most common musculoskeletal disease, and it imposes heavy social, medical, and financial burdens. Current strategies for OA treatment consist of suspending surgery, reducing pain and stiffness, and improving joint function. The commonly prescribed OA medications are non-steroidal analgesics, locally administered corticosteroids, and non-steroidal anti-inflammatory drugs (NSAIDs), which offer only symptomatic relief and eventually lead to surgical intervention [1] . Several novel therapeutic methods for the treating OA are being researched, and it is anticipated that these new therapies will soon enable us to halt the progression of this degenerative disease and restore cartilage homeostasis [2] . Subchondral bone is a target of current OA treatments, because subchondral bone changes in OA induce cartilage loss, and cartilage damage may, in turn, have a negative influence on subchondral bone [3, 4] . A previous study showed that bone sclerosis caused by subchondral bone damage may precede cartilage degradation [5] . Furthermore, microfracture can damage the tissue down to the subchondral bone and induce bleeding, allowing mesenchymal stem cells (MSCs) derived from the subchondral bone to enter the defect. Therefore, subchondral bone tissue may be a promising therapeutic target in OA.
MSCs of subchondral bone are capable of differentiating into several different lineages and have been considered as a candidate cell source for tissue engineering and regenerative medicine [6, 7] . Human subchondral cortico-spongious progenitor cells have cell surface antigens known to be typical of mesenchymal stem and progenitor cells, such as CD73, CD90, CD105, and CD166 [8] . Previously, we have characterized chondrogenic lineage development and have shown that the induction of typical chondrogenic marker genes from rabbit subchondral bone results in the deposition of cartilage matrix molecules, such as type II collagen and proteoglycan [9] . Despite this, cartilage regeneration is inefficient, and the fibrocartilage resulting from this process is structurally and functionally inadequate [5, 8] . A possible explanation for this is that the ongoing inflammatory processes that occur during the course of OA result in higher levels of pro-inflammatory cytokines, such as IL-1β, which may impede the chondrogenic differentiation of cartilage resident progenitors [8, 10] . Therefore, blocking the cartilage generation induced by pro-inflammatory cytokines could create a more suitable microenvironment for chondrogenesis of MSCs-like progenitors.
Chondrogenesis is a complex process, in which undifferentiated progenitor cells and numerous growth factors work in concert to induce chondrogenic differentiation [7, 8, 11] . Several cytokines and transcription factors, including transforming growth factor (TGF)-β, bone morphogenetic proteins (BMPs), fibroblast growth factor (FGF), parathyroid hormone-related peptide (PTHrP), SOX proteins, and Cbfa1, contribute to the chondrogenic process and/or to the control of bone morphogenesis [12, 13] . TGF-β and BMPs have been involved in chondrogenesis mediated by Smad transcription factors, which bind to TGF-β receptors and are phosphorylated following binding to type II receptors [14, 15] . Both BMP receptor-associated Smads (1, 5, and 8) and the TGF-β receptor-associated Smads (2 and 3) are released into the cytoplasm upon phosphorylation and form a complex with Smad4, which then translocates into the nucleus, where it regulates the expression of genes such as SOX9 [16, 17] . SOX9 regulates the expression of a major cartilage matrix protein, type II collagen α1 (Col2α1), and enhances aggrecan gene activity in chondrocytes. These observations indicate that SOX9 plays a key role in chondrogenesis [14] [15] [16] [17] .
Mangiferin is a natural polyphenol compound commonly found in both mango and papaya, and it possesses many beneficial biological activities, including anti-oxidant, anti-tumor, anti-viral, anti-diabetic, and immunomodulatory activities [18] [19] [20] [21] . Mangiferin was also reported to have anti-osteoclastogenic activity in the treatment and prevention of bone diseases [22] . Previous studies suggest that mangiferin may curb the over-activation of NF-κB and, therefore, may have potential as an alternative medicine for the treatment of tumors, inflammation, and osteolytic bone disease [18] [19] [20] [21] [22] . However, the effects of mangiferin on chondrogenic differentiation and cartilage repair have not yet been reported.
The aims of the present investigation were to evaluate whether mangiferin stimulates chondrogenic differentiation of MSCs from subchondral bone; to examine the effect of mangiferin on adverse catabolic and anabolic responses in IL-1β-stimulated MSCs; and to determine the mechanism of action of mangiferin on the targets of Smad and SOX9 signaling pathways.
Results and Discussion

Mesenchymal Stem Cells from Subchondral Bone Differentiate into Chondrogenic, Adipogenic, and Osteogenic Cells
To evaluate the chondrogenic differentiation potential of MSCs from rabbit subchondral bone, cells were cultured for up to 14 days in pellet cultures under standard chondrogenic conditions. Histological analysis using the alcian blue stain showed that progenitor cells developed into a dense tissue, rich in viable cells and proteoglycan ( Figure 1B) . Adipogenic differentiated cells were visualized through the staining of lipid vacuoles by Oil Red O, and osteogenic cells were detected via the staining of mineralized matrix components with Alizarin red (Figure 1C,D) . This study indicates that MSCs from the subchondral bone have a prominent chondrogenic, adipogenic, and osteogenic differentiation potential. In our previous study, MSCs from rabbit subchondral bone showed typical surface antigens, approximately 91%-98% of which were for CD105, CD73, and CD90. In addition to the pluripotency factors OCT4 and NANOG similary express, as do the adult bone marrow-derived MSCs that we examined. Cells were negative for the hematopoietic antigens CD3 and CD34, as well as for the common leukocyte antigen CD45 and the macrophage antigen CD11b [9, 10] . In line with the previous studies, these data suggest that MSCs of subchondral bone are similar to MSCs from many other tissues and have potential as a substitute route for cartilage repair. 
Mangiferin Enhances Chondrogenic Differentiation and Influences Induction of Cartilage Phenotypic Markers and Growth Factors
To evaluate the effect of mangiferin on chondrogenesis, subchondral bone-derived MSCs were placed in pellet culture and treated with 10 µM mangiferin. After 7 days in culture, treatment with mangiferin resulted in the stimulation of chondrogenic differentiation and a 3.9-fold increase in alcian blue nodule intensity at 14 days, compared with the control cells (Figure 2A,B) . To assess chondrogenic differentiation in MSCs cultures on the molecular level, the mRNA expression levels of SOX9, Col2α1, cartilage link protein, and aggrecan were determined by performing real time RT-PCR, and the levels of TGF-β, BMP-2, and BMP-4 were measured via the enzyme-linked immunosorbent assay (ELISA) assay. Mangiferin significantly induced the expression of phenotypic markers of chondrogenesis (SOX9, Col2α1, cartilage link protein, aggrecan), with a concordant upregulation of growth factors (TGF-β, BMP-2, BMP-4) ( Figure 2C ). Compared with control cells, the level of SOX9 increased by 3.3-, 2.4-, and 2.3-fold at days 3, 7 and 14, respectively. During the culture period, SOX9 was continuously expressed until day 14, peaking at day 3 ( Figure 2C ). At day 7, the greatest increases in the levels of Col2α1 (2.5-fold), cartilage link protein (3.1-fold), and aggrecan (3.7-fold) were observed following mangiferin treatment; all levels decreased slightly on day 14 ( Figure 2C ). Mangiferin markedly increased the levels of TGF-β (2.5-to 2.3-fold), BMP-2 (2.7-to 2.9-fold), and BMP-4 (1.8-to 1.8-fold) at days 3 and 7, respectively, compared with control; levels were reduced slightly at day 14 ( Figure 2D ). These results indicate that mangiferin induces chondrogenic differentiation by increasing SOX9 expression over several days and influences chondrogenic regulation induced by TGF-β, BMP-2, and BMP-4. SOX9 is responsible for the expression of some of the key genes in chondrogenesis [23] [24] [25] [26] . Moreover, SOX9 regulates the expression of Col2α1, cartilage link protein collagen IXα1 (Col9α1), and aggrecan, which is the most abundant proteoglycan in cartilage [25, 26] . Akiyama et al. [25] have shown that all osteo-chondroprogenitors stem from SOX9-expressing cells, confirming a principal role for SOX9 in chondrogenesis [26] . SOX9 is activated by the expression of TGF-β and BMP during very early events in chondrogenesis and, directly or indirectly, maintains their regulation during the differentiation and maturation of chondrocytes [27, 28] . There is considerable crosstalk between the TGF and BMP signaling pathways, as evidenced by the synergistic effect of TGF-β and BMP-2 on Col2α1 and aggrecan mRNA expression [29, 30] . The present study showed that mangiferin notably induced SOX9, Col2α1, cartilage link protein, aggrecan, and growth factors such as TGF-β, BMP-2, and BMP-4. Our results suggest that mangiferin enhances chondrogenesis by stimulating SOX9 and TGF-β/BMPs expression in MSCs from subchondral bone. 
Mangiferin Reverses the Inhibition of IL-1β-Induced Chondrogenic Differentiation by Regulation of Anabolic and Catabolic Genes
To examine the effects of mangiferin on IL-1β-induced MSCs-derived chondrocytes, we first evaluated proteoglycan contents and the release of glycosaminoglycan (GAG) and type II collagen by these cells. As shown in Figure 3A , IL-1β caused less area to be stained by alcian blue compared with control, while mangiferin treatment reversed the inhibitory effect of IL-1β on proteoglycan stained area. Figure 3A shows that mangiferin treatment dose-dependently increased the intensity of alcian blue staining compared with cells treated with IL-1β alone ( Figure 3A) . Comparison of the degradation of GAG and type II collagen between the mangiferin and IL-1β-treated groups showed that mangiferin at 10 and 20 µM significantly inhibited the release of GAG (1.7-and 2.6-fold, respectively) ( Figure 3B ) and reduced the degradation of type II collagen (3.1-and 5.3-fold, respectively) ( Figure 3C ). In general, IL-1β can stimulate the expression of not only proinflammatory mediators, but also stimulatory catabolic proteinases such as MMPs and ADAMTS [31, 32] . IL-1β has been shown to significantly reduce basal cell migration and abrogate the stimulatory effect of growth factors in chondrogenic progenitor cells from cartilage tissue, which might lead to reduced cartilage regenerative potential [33] . Earlier studies reported that TGF-β1 stimulates chondrocyte synthetic activity and chondrogenesis of bone marrow-derived MSCs and decreases the catabolic activity of IL-1β [34] . Promising studies in rabbits have shown that TGF-β1 can enhance the repair of cartilage defects [35] . BMP-2 stimulates matrix synthesis and is capable of reversing chondrocyte dedifferentiation to some extent, as indicated by an increase in the synthesis of cartilage-specific type II collagen in dedifferentiated OA chondrocytes [12, 36] . In a mouse model of IL-1β-induced cartilage degeneration, BMP-2 enhanced cartilage matrix turnover, as evidenced by increased aggrecan and type II collagen expression [37] . Thus, we suggest that mangiferin reduces IL-1β-induced inhibition of chondrogenic differentiation by regulation of anabolic factors and catabolic genes, indicating that mangiferin may stimulate cartilage regeneration in IL-1β-stimulated MSCs from subchondral bone.
Mangiferin Upregulates the Phosphorylation of Smad and SOX9 Signaling Pathways in IL-1β-Stimulated Mesenchymal Stem Cells (MSCs)
We hypothesized that the effect of mangiferin on TGF-β and BMP expression and induction of chondrogenesis is likely to be related to the regulation of Smad signaling. To test this, we determined the involvement of mangiferin in the Smad and SOX9 signaling pathways. Western blot analysis of Figure 5A ). Smads are associated with the TGF-β and BMP signaling pathways, which, in turn, are involved with MSCs differentiation [38] [39] [40] [41] . Smad 2 and Smad 3 are known to mediate transcription processes in the TGF-β signaling pathway, and Smad 1/5/8 is known to mediate transcription in the BMP signaling pathway, leading to regulation of the transcription factor SOX9 [38] [39] [40] . SOX9 plays a key role in chondrogenesis and controls the expression of aggrecan and type II collagen [42, 43] .
To determine the involvement of SOX9 in the expression of aggrecan and Col2α1, IL-1β-stimulated MSCs were transfected with control siRNA or SOX9 siRNA and then treated with mangiferin. In the presence of mangiferin and SOX9 siRNA, phosphorylation of Smad 2, Smad 3, Smad 1/5/8, aggrecan, and Col2α1 was suppressed in IL-1β-stimulated MSCs ( Figure 5B,C) . This suggests that SOX9 is an important pathway for the chondrogenic differentiation process, and that mangiferin may act on SOX9 to normalize chondrogenic differentiation and chondrogenesis. Thus, the present results indicate that mangiferin affects chondrogenesis by stimulating the SOX9 and by inducing the phosphorylation of Smad 1/5/8 and Smad 2/3 signaling pathways. 
Materials and Methods
Chemicals and Reagents
Mangiferin (purity: 97%, reference standard), alcian blue, Alizarin red S staining kit, Oil red O staining kit, ascorbic acid, glycerophosphate, dexamethasone, 3-isobutyl-1-methylxanthine, dimethyl sulfoxide, and insulin were purchased from Sigma-Aldrich (St Louis, MO, USA). Fetal bovine serum (FBS), fetal calf serum (FCS), antibiotics, Dulbecco's modified Eagle's medium (DMEM), TRIzol R reagent, and SDS-polyacrylamide gels were purchased from Gibco-BRL (now part of Invitrogen Corporation; Carlsbad, CA, USA). The real-time SYBR Green RT-PCR system kit was purchased from Bio-Rad (Roche Diagnostics, Mannheim, Germany). Hybond-C nitrocellulose membrane was purchased from Amersham Biosciences (Piscataway, NJ, USA).
Animals
Male New Zealand white rabbits (2.8-3.0 kg, 9-10 weeks), acquired from the animal experimental center at Kyung Hee University Medical Center (Seoul, Korea), were kept separately with water and food freely available. The room was light/dark (08:00-20:00 h light, 20:00-08:00 h dark) controlled and maintained at 21-24 °C. All experiments were carried out according to the Guiding Principles for the Care and Use of Laboratory Animals, and all procedures were approved by the Animal Care and Use Committee of Kyung Hee University Medical Center.
Cell Culture
Subchondral bone was obtained from the knee joint of New Zealand white rabbits. To gather MSCs, subchondral bone was cut into small fragments, washed with phosphate buffered saline, and partially digested with 256 U/mL type I collagenase (Sigma-Aldrich) for 4 h at 37 °C. The supernatant was discarded and the remaining fragments were placed in culture flasks. The fragments were then cultured in DMEM (Gibco-BRL) containing 10% heat-inactivated FBS and an antibiotic mixture (100 units/mL penicillin base and 100 μg/mL streptomycin) at 37 °C in a humidified atmosphere. Cells that reached 80%-90% confluence were passaged using trypsin-EDTA in PBS (0.05% v/v, Gibco-BRL) and expanded into plates in passage 1. The medium was replaced every 3 days. Pellets of 
Assessment of Mesenchymal Stem Cell Differentiation Potential from Subchondral Bone
To induce chondrogenic differentiation, aliquots of MSCs (2.5 × 10 5 ) passage 3 were centrifuged at 1000 rpm for 5 min in 15 mL polypropylene conical tubes to form pellets, which were then cultured in high-glucose DMEM supplemented with 1% Insulin-Transferrin-Selenium, 10 nM dexamethasone, 0.17 mM ascorbic acid-2-phosphate, and 0.35 mM proline (all Sigma-Aldrich) for 14 days. Chondrogenic differentiation was histologically assessed by embedding micro-masses in optimal cutting temperature (OCT) compound and freezing, before cryosectioning at a thickness of 7 μm. Sections were stained with alcian blue (pH 2.5) at days 3, 7, and 14. For adipogenic and osteogenic differentiation, progenitor cells were plated with a density of 5 × 10 4 cells in 6-well plates. To induce adipogenic differentiation, cells were cultured with high-glucose DMEM-medium containing 10% FCS and adipogenic supplements (1 µM dexamethasone, 200 µM indomethacin, and 50 µM 3-isobutyl-1-methylxanthine; all Sigma-Aldrich) for 14 days. Intracellular lipid vacuoles in adipogenic cultures were visualized using Oil Red O staining (Sigma-Aldrich). To induce osteogenic differentiation, cells were cultured with low-glucose DMEM-medium containing 10% FCS and osteogenic supplements (10 nM dexamethasone, 50 mM L-ascorbic acid-2-phosphate, 10 mM-glycerophosphate; all Sigma-Aldrich). Cells were cultured for 18 days, and medium was changed every other day. Osteogenic cells were observed by staining mineralized matrix components using Alizarin red.
Real-Time Reverse Transcription-Polymerase Chain Reaction (RT-PCR)
In accordance with the supplier's protocol, total RNA was extracted from cultured cells using TRIzol reagent. Reverse transcription was performed by M-MLV Reverse Transcriptase (TaKaRa Biotechnology, Seoul, Kerea), according to the supplier's specifications. Briefly, first-strand cDNA was synthesized at 37 °C for 1 h in 20 μL of reaction mixture. Quantitative real-time PCR (qRT-PCR) was carried out in a 25 μL volume container, using SYBR Green PCR Master Mix. The template source was either purified DNA standard or 5 ng cDNA. To amplify the materials, primer sequences detailed in Table 1 were used. As an internal control to standardize mRNA levels, β-actin was amplified. Relative expression of the target genes in the study samples was calculated by the comparative threshold (Ct) method. The cycle of threshold (Ct) for each sample was averaged and normalized to glyceraldehyde-3-phosphate dehydrogenase (GAPDH). The results were then analyzed by comparative ΔΔCt method (2 (−ΔΔCt) ) for relative quantification of gene expression. 
Enzyme-Linked Immunosorbent Assay (ELISA)
The levels of TGF-β, BMP-2, and BMP-4 in conditioned media of MSCs at day 7 were measured using ELISA kits (R&D Systems, Minneapolis, MN, USA), according to the supplier's instructions.
Colorimetric Analysis of Sulfated Glycosaminoglycan (sGAG) and Type II Collagen
Sulfated glycosaminoglycan (sGAG) levels in the culture medium were determined by measuring the amount of polyanionic material. Seven days after onset of culture, the culture medium was allowed to react with 1,9-dimethylmethylene blue. Twenty microliter samples were mixed with 100 μL of 5,6-dimethylbenzimidazole (DMB) reagents (48 mg/mL DMB, 40 mM glycine, 40 mM NaCl, 10 mM HCl, pH 3.0) for 30 min at room temperature, and the amount of sGAG was calculated by measuring the absorbance at 590 nm (Spectramax, Molecular Devices, Sunnyvale, CA, USA). All measurements were performed in quadruplicate. Quantification was performed using a standard curve of chondroitin 6-sulfate from shark cartilage (Sigma-Aldrich) in the range of 0-35 μg/mL.
Type II collagen levels in the medium were determined using the Sircol Collagen Assay (Biocolor Ltd., Valley Business Center, Northern Ireland). Seven days from onset of culture, the culture medium was mixed with Sirius red dye containing sulfonic acid (which reacts specifically with the basic side chain groups of type II collagens) for 30 min at room temperature using a mixer. After centrifuging for 10 min at 12,000 rpm, the unbound dye was removed, and the dye bound to type II collagen was quantified by measuring the absorbance at 540 nm and comparing that value to the standard concentration curve (0-200 μg/mL).
Western Blot Analysis
MSCs exposed to 1, 10, or 20 µM of mangiferin for 24 h were harvested and washed with cold PBS. Cells were lysed with lysis buffer (Invitrogen) containing protease inhibitors (10 µg/mL leupeptin, 10 µg/mL aprotinin, 10 µg/mL pepstatin A, and 1 mM of 4-(2-aminoethyl) benzenesulfonyl fluoride) and phosphatase inhibitors (1 mM NaF and 1 mM Na3VO4). Protein concentration was measured using a commercial protein assay (Bio-Rad, Hercules, CA, USA), with bovine serum albumin as the standard (Bio-Rad). Equal amounts of proteins (20-25 µg) were separated by 4%-12% SDS-polyacylamide gel (Invitrogen) electrophoresis was performed under reducing conditions, and transferred onto Hybond-C nitrocellulose membranes (Amersham Biosciences, Piscataway, NJ, USA) at 300 mA for 90 min. After blocking with 5% non-fat skim milk, the membrane was probed with primary antibodies for phospho-Smad2, phospho-Smad3, phospho-Smad1/5/8, Smad2, Smad3, Smad1/5/8 (Cell Signaling Technology, Beverly, MA, USA), SOX9, and β-actin (Sigma-Aldrich), as well as specific secondary antibodies. Protein expression was visualized by enhanced chemiluminescence (Amersham Corp., Arligton Heights, IL, USA), and signal was detected using Image Station 4000R (Kodak, New Haven, CT, USA).
siRNA Transfection
MSCs were transiently transfected with siRNAs targeting SOX9 (Cell Signaling Technology, Boston, MA, USA) in Lipofectamine 2000 (Gibco-BRL), according to the manufacturer's protocols. Briefly, siRNA (200 nM) for SOX9 was suspended in 100 µL of Lipofectamine solution and mixed with an equal volume of serum-free DMEM. The mixture was added to 90% confluent chondrocytes from subchondral bone of rabbit cultured in six-well plates. Control siRNA (Dharmacon, Seoul, Korea) was used as a negative control. The specificity of SOX9 knockdown was confirmed by Western blot after siRNA transfection. After 6 h of incubation, transfected cells were washed twice with PBS and replenished with fresh medium in the presence or in the absence of IL-1β in a CO2 incubator for 2 h. After incubation, cells were treated with or without mangiferin (10 µM) for 72 h at 37 °C. Whole cell lysates were fractionated by 10% SDS-polyacrylamide gel electrophoresis and transferred onto nitrocellulose membranes. The nitrocellulose membranes were reacted with primary antibodies (1:1000 dilution) against phospho-Smad 2, phospho-Smad 3, phospho-Smad 1/5/8, Smad 2, Smad 3, Smad 1/5/8, aggrecan, and Col2α1.
Statistical Analysis
Results were expressed as mean ± standard error of mean (SEM). calculated from the specified number of experiments. Differences between groups were analyzed using one-way ANOVA. In the case of two groups, Student's t-test was used. Statistical significance was assumed at a p value of <0.05. Data were obtained from three independent experiments.
Conclusions
We observed that mangiferin induces chondrogenic differentiation in subchondral MSCs by enhancing the expression of chondrogenic markers (Col2α1, SOX9, cartilage link protein, and aggrecan) and TGF-β/BMPs. We also observed that mangiferin has chondroprotective effects, by stimulating the induction of anabolic genes (BMP-2, BMP-4, and TGF-β) and inhibiting the expression of catabolic genes (MMP-1, MMP-13, and ADAMS-5), in IL-1β-stimulated MSCs, and that these effects are mediated through the phosphorylation of the Smad 2, Smad 3, Smad 1/5/8, and SOX9 signaling pathways ( Figure 6 ).
In conclusion, mangiferin has chondrogenic differentiation-promoting effects on MSCs from subchondral bone and regenerative effects in IL-1β-induced MSCs. We suggest that this mechanism may represent a strategy for the prevention and treatment of cartilage damage. Figure 6 . Schematic model of the pathways by which mangiferin stimulates SOX-9, a key transcription factor of TGF-β/BMPs-induced chondrogenesis, and activates the phosphorylation of Smad 1/5/8 and Smad 2/3 signaling pathways. → activation; ┤ inhibition; ↑ increase; ↓ decrease.
